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ABSTRACT
Using cosmic-ray energetics as a discriminator, we investigate the viability of evolutionary models for the
light elements, Li, Be and B (LiBeB). We employ a Monte Carlo code which incorporates hitherto ignored
effects, the delayed mixing into the ISM both of the synthesized Fe, due to its incorporation into high
velocity dust grains, and of the cosmic-ray produced LiBeB, due to the transport of the cosmic rays. We use
supernova O and Fe ejecta based on calculations and observations, and we normalize the LiBeB production
to the integral energy imparted to cosmic rays per supernova. We find that models in which the cosmic rays
are accelerated mainly out of the average ISM which is increasingly metal poor at early times, significantly
under predict the measured Be abundance of the early Galaxy, the increase in [O/Fe] with decreasing [Fe/H]
indicated by recent data notwithstanding. We suggest that this increase could be due to the delayed mixing
of the Fe. On the other hand, if the cosmic-ray metals are accelerated primarily out of supernova ejecta
enriched superbubbles, such that the cosmic-ray source composition as a function of [Fe/H] remains similar
to that of the current epoch, the measured Be abundances are consistent with a cosmic-ray acceleration
efficiency that is in very good agreement with the current epoch data. This model requires the incorporation
of neutrino-produced 11B. We show that, even though the production histories of the cosmic-ray produced
B and Be and the neutrino-produced 11B are different, B/Be can remain essentially constant as a function
of [Fe/H]. We also find that neither the above cosmic-ray origin models nor a model employing low energy
cosmic rays originating from the supernovae of only very massive progenitors can account for the 6Li data
at values of [Fe/H] below −2.
Galaxy: evolution — cosmic rays — supernovae: general
Introduction
That cosmic-ray driven nucleosynthesis is important to the origin of the light elements Li, Be and B
(LiBeB) has been known for almost three decades (Reeves, Fowler, & Hoyle 1970). But only recently was
it realized that the light element themselves, in particular Be detected in old halo stars formed in the early
Galaxy, could provide new information on cosmic-ray origin, specifically on the source of the particles that
are accelerated to become cosmic rays (Ramaty, Kozlovsky, & Lingenfelter 1998).
Although supernova shocks are generally accepted to be the dominant accelerator of the cosmic rays
(at least up to 105 GeV), the source of the particles that are accelerated is still highly debatable. The
first suggestions that cosmic rays are accelerated in supernova remnants (e.g. Ginzburg & Syrovatskii 1961;
Shapiro 1962) implicitly assumed that the cosmic-ray source is dominated by fresh nucleosynthetic material.
With the subsequent developments in shock acceleration theory, it was realized that the most efficient site
for cosmic-ray acceleration is the hot, low density interstellar medium (see Axford 1981), where the energy
loss of the accelerated particles is minimized and the energy in the supernova shock is not dissipated by
radiative losses. However, a variety of cosmic-ray injection sources were proposed to explain the large
differences between cosmic-ray and solar abundances. The cosmic-ray source enrichments were suggested
to arise from (i) the atomic mass-to-charge dependence of supernova shock acceleration (Eichler 1979) in
the cooler, partially ionized phase of the medium, (ii) the acceleration in the ISM (interstellar medium) of
cosmic rays preaccelerated in stellar coronae, based on the correlation of the enrichments with first ionization
potential (FIP, Casse´ & Goret 1978; Meyer 1985), and (iii) the acceleration of grain erosion products in the
average ISM, based on the anti-correlation of the enrichments with volatility (Epstein 1980). Recent analyses
(Meyer, Drury, & Ellison 1997) favored a volatility, rather than FIP, biased cosmic-ray acceleration out of
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the average ISM, augmented by a mass-to-charge dependent acceleration of volatiles.
These ideas, prevalent in the 1980’s, led to a LiBeB evolutionary model (hereafter the CRI model)
in which the cosmic-ray source composition at all epochs of Galactic evolution was assumed to be similar
to that of the average ISM at that epoch (Vangioni-Flam et al. 1990). The excess of the observed Be
abundances in low metallicity stars over the predictions of this model was first discussed by Pagel (1991),
the focus of the discussion being on whether or not the excess was due to contributions from Big Bang
nucleosynthesis (BBN). The BBN contribution to Be production is now known (Orito et al. 1997) to
be insignificant in comparison with the Be data at even the lowest metallicities. As a consequence, the
CRI model was modified (Casse´, Lehoucq, & Vangioni-Flam 1995; Vangioni-Flam et al. 1996; Ramaty,
Kozlovsky, & Lingenfelter 1996; Vangioni-Flam, Casse´, & Ramaty 1997) by superimposing onto the cosmic
rays accelerated out of the average ISM, a metal enriched component confined predominantly to low energies
( < 100 MeV/nucleon). A strong motivation for this hybrid model was the report of the detection of C and
O nuclear gamma-ray lines from the Orion star formation region (Bloemen et al. 1994; 1997). These gamma
rays were attributed to low energy cosmic rays (LECRs) highly enriched in C and O relative to protons and
α particles (e.g. Ramaty 1996), and it was suggested that such enriched LECRs might be accelerated out
of metal-rich winds of massive stars and supernova ejecta (Bykov & Bloemen 1994; Ramaty et al. 1996;
Parizot, Casse´, & Vangioni-Flam 1997) by an ensemble of shocks in superbubbles (Bykov & Fleishman 1992;
Parizot et al. 1997). The Orion gamma-ray data, however, have now been retracted (Bloemen et al. 1999).
Nonetheless, as the possible existence of the postulated LECRs remains, new gamma-ray line data are needed
to determine the role of the LECRs in light element production. But one variant of LECR origin, namely
that they are associated with supernovae from only the most massive stellar progenitors (Vangioni-Flam et
al. 1996; 1999), can be ruled out on the grounds of cosmic-ray energetics (Ramaty & Lingenfelter 1999 and
x3.2)
Recent O abundance data, which suggest that [O/Fe] increases with decreasing [Fe/H] at low metallicities
(Israelian et al. 1998, Boesgaard et al. 1999), led Fields and Olive (1999a) to reexamine the viability of
LiBeB origin based on cosmic-ray acceleration out of the average ISM (i.e. the CRI model). Hereafter, as
is commonly done in the literature, [O/Fe]log(O/H)-log(O/H) and [Fe/H]log(Fe/H)-log(Fe/H), where
the ratios of chemical symbols denote abundance ratios by number. These data alleviate the shortcomings of
the CRI model because the enhanced O abundance leads to a corresponding enhancement in Be production,
thereby increasing the predicted Be abundance in the early Galaxy. But this effect by itself is insufficient to
render the CRI model viable (Ramaty & Lingenfelter 1999). In addition, to account for the [O/Fe] vs. [Fe/H]
data, Fields & Olive (1999a) allowed the Fe yields of core-collapse supernovae to take on values constrained
only by these data, rather than by model calculations (Woosley & Weaver 1995; Tsujimoto et al. 1995) and
observations based on supernova light curves (see Shigeyama & Tsujimoto 1998). The increasing O-to-Fe
abundance ratio thus led to decreasing Fe yields per supernova, which compensated the decreasing Be yield
per supernova in the CRI model. But as was shown (Ramaty & Lingenfelter 1999), and will be demonstrated
in detail in the present paper, when supernova Fe yields based on calculations and observations are used,
and if the energy imparted to cosmic rays per supernova is normalized to reasonable values, the CRI model
still under predicts the Be data by a large factor.
Alternatively, it was suggested (Ramaty et al. 1998; Lingenfelter, Ramaty, & Kozlovsky 1998; Higdon,
Lingenfelter, & Ramaty 1998), that the Be evolution can be best understood in a model (hereafter CRS)
in which the cosmic-ray metals are accelerated out of supernova ejecta. In this model, the bulk of the Be
in the early Galaxy is produced by accelerated C and O interacting with ambient H and He. That these
“inverse reactions” are dominant in the early Galaxy was first suggested by Duncan, Lambert, & Lemke
(1992). Lingenfelter et al. (1998) and Lingenfelter & Ramaty (1999) have shown that the standard arguments
(e.g. Meyer et al. 1997; Meyer & Ellison 1999) against the supernova ejecta origin of the current epoch
cosmic rays can be answered, and Higdon et al. (1998) and Higdon, Lingenfelter, & Ramaty (1999) showed
that the most likely scenario is collective acceleration by successive supernova shocks of ejecta-enriched
matter in the interiors of superbubbles. Due to the fact that supernova progenitors form mostly in OB
associations and have short lifetimes, the great majority of the core-collapse supernovae go off in hot, low-
density supperbubbles which extend out to hundreds of parsecs and can last tens of Myr. In addition to the
core-collapse supernovae, a large number of thermonuclear supernovae (Type Ia) should also occur in these
superbubbles due to their large (50%, e.g. Yorke 1986) filling factor, just by chance. Thus, since 80 - 90
2
% of all supernovae are core collapse supernovae with thermonuclear supernovae making up the remainder
(van den Berg & Tammann 1991; van den Berg & McClure 1994), the bulk of the cosmic rays should be
produced by shock acceleration of the metal-enriched material within supperbubbles. These hot, low density
superbubbles are, in fact, the “hot phase” of the interstellar medium where shock acceleration of cosmic
rays is expected (e.g. Axford 1981; Bykov & Fleishman 1992) to be most effective because the energy losses
of the accelerated particles are minimized and the supernova shocks do not suffer major radiative losses, as
they would in a denser medium. This scenario of collective acceleration by successive supernova shocks in
the hot ISM is consistent with the delay between nucleosynthesis and acceleration (time scales of  105 yr),
suggested by the recent 59Co and 59Ni observations (Binns et al. 1999; Wiedenbeck et al. 1999).
In the present paper we describe in detail a new Monte-Carlo approach to LiBeB evolution in which
the concept of the nucleosynthetic yields and energy in cosmic rays of individual supernovae is explicitly
built in. A Monte-Carlo approach to Galactic chemical evolution was previously employed by Copi (1997),
but not for 6Li, Be and B. Copi’s (1997) aim was the investigation of the expected scatter of the calculated
abundances. Scatter in the abundance ratios of low metallicity stars, in a model in which abundance patterns
are determined by individual supernovae, was considered by Tsujimoto, Shigeyama, & Yoshii (1999), and the
evolution of the light elements in this model was treated by Suzuki, Yoshii, & Kajino (1999). We employ the
Monte-Carlo simulation as a tool for solving the equations of Galactic chemical evolution, one that allows us
to investigate hitherto ignored effects, such as the delayed mixing into the ISM both of the synthesized Fe, due
to its incorporation into high velocity dust grains, and of the cosmic-ray produced light elements, due to the
transport of the cosmic rays. Preliminary presentations of our approach were given in Ramaty, Lingenfelter, &
Kozlovsky (1999a,b) and Ramaty & Lingenfelter (1999). We also incorporate light element yields calculated
per supernova for a variety of metallicity-dependent cosmic-ray and ISM abundances, employing a previously
developed code (Ramaty et al. 1997). We first demonstrate the energetic inconsistency of the CRI model,
including the recent variants by Fields & Olive (1999a) and Suzuki et al. (1999), namely light element
production by cosmic-rays accelerated out of the average ISM. Next we treat the evolution of B and examine
the conditions than can lead to a constant evolutionary B-to-Be abundance ratio when 11B production by
neutrinos in supernovae is included. Finally, we consider the evolution of 6Li and the accompanying 7Li,
and examine the viability both of the CRI model (Fields & Olive 1999b) and the model employing LECRs
from only the most massive supernova stellar progenitors (Vangioni-Flam et al. 1999) to account for the
6Li abundance data reported at very low metallicities (Hobbs & Thorburn 1997; Smith, Lambert, & Nissen
1998; Nissen et al. 1999).
Fe and O Production and Evolution
We consider a one-zone model using a Monte-Carlo code. We accumulate primordial gas according to
the prescription eqnarray dM ISM (t)
dt=
Mh
τh
[
1−e−Tg/τh
] e−t/τh+ Md
τ2
d
[
1−(1+Tg/τd)e−Tg/τd
] te−t/τd ,
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